͒ using Hartree-Fock, second-order Mo "llerPlesset perturbation theory ͑MP2͒, and density functional theory, including local, gradient-corrected, and hybrid methods ͑S-VWN, B-LYP and B3-LYP, and MPW1-PW91͒ to evaluate their relative performance. Comparisons were made with three different basis sets: 6-31G(d), Sadlej, and aug-cc-pVTZ. The quality of basis set used was found to be the most important factor in achieving quantitative results. The medium sized Sadlej basis provided excellent quantitative Raman intensities, comparable to those obtained with the much larger aug-cc-pVTZ basis set. Harmonic vibrational frequencies computed with the Sadlej basis set were in good agreement with experimental fundamentals. For the quantitative prediction of vibrational Raman spectra, the Sadlej basis set is an excellent compromise between computational cost and quality of results.
I. INTRODUCTION
Recent advances in Raman instrumentation, such as Raman microscopy and 2D imaging, promise to increase the already widespread use of Raman spectroscopy as a key probe in modern surface chemistry and materials research. [1] [2] [3] [4] It is a standard tool for structural characterization, following system evolution and probing the dynamics of chemical systems. Despite the important role it plays in present-day analytical applications, very few reports of the first-principle theoretical prediction of Raman spectra have appeared in the scientific literature. The application of the technique to complex systems is greatly assisted by quantum chemical calculations, yielding theoretical normal mode frequencies and ground state Raman band intensities. Theoretical Raman spectra may also be used to elucidate structure in difficult regimes, such as solvated systems. Consider, for example, the determination of lithium-perchlorate electrolyte ion pair geometries by ab initio methods and experimental corroboration by Raman spectroscopy. 5 It is important that quantum chemical methods give quantitatively acceptable intensities as well as vibrational frequencies.
The prediction of vibrational properties for polyatomics using electronic structure methods is becoming increasingly common in the chemical literature. This can be largely attributed to the increasing availability of robust energy derivative programs, in which first and second energy derivatives are computed analytically. 6 The prediction of vibrational frequencies and infrared intensities has been the topic of numerous reports. In the computation of these properties, density functional theory ͑DFT͒ outperformed traditional ab initio methods. In articles by Scott and Radom, 7 and Wong, 8 harmonic vibrational frequencies calculated by DFT methods were found to be in better agreement with observed fundamentals. 9 Recent studies of theoretical infrared intensities compared DFT with Hartree-Fock and second-order Mo "ller-Plesset perturbation theory ͑MP2͒.
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Previous studies showed that with increasing electron correlation the theoretical intensities converge toward experimental values. 13 Work in our laboratory has shown that hybrid DFT gives infrared intensities in better agreement with experiment than Hartree-Fock and MP2. 14 Raman intensities depend on the square of the polarizability derivative which requires the calculation of the third derivative of the system energy with respect to coordinates and electric field ‫‪Q‬ץ/␣ץ(‬ k ϭ‫ץ‬ 3 E/‫ץ‬Q k ‫ץ‬F i ‫ץ‬F k ). Compared to infrared intensities ͑which depend on the square of the dipole moment derivatives͒, there have been very few studies of the first-principle prediction of Raman intensities in the literature. Published reports are primarily for individual molecules, and usually at the SCF ͑self-consistent field͒ level [15] [16] [17] [18] and in some cases by DFT methods. 11, 19, 20 There seem to be no systematic surveys comparing different theoretical methods with different basis sets for a representative collection of molecules. In part this may be due to the relative scarcity of reliable experimental data and because suitable computer programs have only recently become more readily available. In the present work, Raman intensities are computed by Hartree-Fock, MP2, local, gradient-corrected, and hybrid DFT methods with a number of different basis sets, to provide an overview of relative performance. These methods are used to compute Raman intensities for a set of test molecules including one, two, and three heavy atom systems (N 2 , H 2 S, H 2 O, H 2 CO, CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , SiO 2 , NH 3 , CH 2 F 2 , and CH 2 Cl 2 ͒.
II. METHODS
The calculations in this study were performed using the GAUSSIAN 98 suite of programs. 21 Following full geometry a͒ Author to whom correspondence should be addressed.
optimizations at each level of theory, harmonic frequencies and dipole moment derivatives were computed analytically for Hartree-Fock, MP2 ͑2nd order Mo "ller-Plesset perturbation theory, frozen core͒ 22 and the various DFT methods employed in this study. Polarizability derivatives were computed using numerical differentiation of the analytic dipole derivatives with respect to the applied electric field. Static Raman intensities ͑zero-frequency, nonresonant͒ were computed in the double harmonic approximation, 23 ignoring cubic and higher force constants and omitting second and higher polarizability derivatives. The vibrational properties were computed for the test molecules in their ground state, enforcing their respective point group symmetry. The DFT methods employed here consisted of the S-VWN local functional, corresponding to the Slater-Dirac exchange functional ͑S͒ ͑Ref. 24͒ with the Vosko-Wilk-Nusair fit for the correlation functional ͑VWN͒, 25 the B-LYP gradientcorrected functional, corresponding to Becke's gradient corrected exchange functional ͑B͒ ͑Ref. 26͒ with the LeeYang-Parr fit for the correlation functional ͑LYP͒ ͑Ref. 27͒ and two hybrid functionals: B3-LYP and MPW1-PW91, corresponding to Becke's three parameter exchange functional ͑B3͒ ͑Ref. 28͒ with the Lee-Yang-Parr fit for the correlation functional ͑LYP͒, and Barone's and Adamo's Becke-style one parameter exchange functional ͑MPW1͒ ͑Ref. 29͒ with Perdew and Wang's gradient-corrected correlation functional ͑PW91͒. 30 Calculations were carried out with the following basis sets: 6-31G(d) to evaluate the performance of the basis set most frequently used for vibrational calculations ͑split valence double zeta augmented with one set of polarization functions on heavy atoms͒, 31,32 Sadlej's polarized triple zeta basis set, optimized for electric properties ͓5s,3p,2d/7s,5p,2d/3s,2p͔, 33-35 and Dunning's augmented correlation-consistent triple zeta basis set, aug-cc-pVTZ ͓5s,4p,3d,2f /6s,5p,3d,2f /4s,3p,2d͔. [36] [37] [38] Basis set dependence for the S-VWN and B3-LYP density functionals was investigated by systematically adding diffuse 39 and polarization functions 40 to the 6-31G split valence double zeta basis set. Complete tables of numerical data are available on the world wide web.
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III. RESULTS AND DISCUSSION
A. Large basis set "aug-cc-pVTZ… performance When computing molecular properties using electronic structure methods, the quality of results obtained is usually limited by shortcomings in two dimensions: incomplete treatment of electron correlation and basis set truncation. 42 When comparing results obtained from different theoretical models, use of the largest feasible basis set allows better assessment of the methods themselves, diminishing basis set truncation effects. Previous studies have found that, for the quantitative prediction of electric field response properties, large polarized basis sets are required. 43, 44 This is attributed to the need to describe the tail region of the wave function satisfactorily, whose electron density is less rigidly held and therefore contributes most to the molecular polarizability. [45] [46] [47] To evaluate the performance of the methods approaching the large basis set limit, calculations were carried out for the set of test molecules using the triple zeta correlation-consistent polarized basis set of Dunning augmented with a set of diffuse functions, aug-cc-pVTZ. These results are compared with experimental intensities where available.
48 Figure 1 shows the average absolute difference from experimental intensities using the aug-cc-pVTZ basis set and the standard deviation for each of the methods considered here. The average difference, average absolute difference, and standard deviation are also presented in Table I for comparison with other basis set levels which follow in the present work. A surprising observation is that all methods examined here have average absolute differences that are remarkably similar when compared to experiment. HartreeFock falls furthest from experiment, as expected, with an average absolute difference and standard deviation of ca. 15 and 24 A 4 amu Ϫ1 , respectively. What is surprising is that the effect of including electron correlation is considerably smaller for computed Raman intensities than for infrared intensities.
14 Local and gradient-corrected DFT perform almost identically when compared to experiment, with average absolute difference and standard deviation of ca. 14 and 26 A 4 amu
Ϫ1
. The two hybrid methods predict intensities in closer agreement with experiment than Hartree-Fock, S-VWN, or B-LYP, although the improvement is small. The MP2 results are in best agreement with experimental data, having the lowest absolute difference and standard deviation; however, its average absolute difference from experiment is only ca. 5 and 2 A 4 amu Ϫ1 closer than those of Hartree-Fock and hybrid DFT, respectively. The vibrational mode for which all methods considered here predicted the largest deviation from observed value is the e g CH stretching vibration of ethane. All methods in the study overestimated the intensity of this mode. Another vibration of note is the a g CH stretch of ethene. For this band of ethene, all correlated methods considered here predicted an intensity in worse agreement with experiment than Hartree-Fock.
Absolute Raman intensities are more difficult to measure experimentally than absolute infrared intensities. 49 The experimental uncertainty in the bands used for the above com- parison were all greater than or equal to 10%, and for many the uncertainty was even higher. The uncertainty in the experimental data for the set of molecules considered may contribute to the apparent insensitivity to the inclusion of electron correlation with the large Dunning basis set. Differences between experiment and theory due to the neglect of frequency dependencies of the polarizability derivatives and vibrational anharmonicities in the calculations, may also mask the effect of electron correlation. An alternative means of assessing the electron correlation effect is to compare the DFT and MP2 Raman intensities directly to those obtained from an uncorrelated method, i.e., Hartree-Fock. Table II presents the average difference, average absolute difference, and standard deviation from Hartree-Fock for the correlated methods considered here for the complete set of test molecules. The differences reaffirm that the inclusion of electron correlation using density functional theory or MP2 has a relatively small effect on computed Raman intensities with any of the three considered basis sets. An earlier study of theoretical Raman intensities for H 2 O showed similar behavior in comparing configuration interaction calculations with Hartree-Fock. 50 The local DFT methods are furthest from Hartree-Fock and hybrid DFT closest, which could be rationalized based on inclusion of exact exchange. Note that MP2, the most often used conventional correlated ab initio method, gives Raman intensities only ca. 9 A 4 amu Ϫ1 in difference with Hartree-Fock. This is important since MP2 Raman intensities come at a much greater cost than HartreeFock intensities ͑more than 32 times the relative CPU cost for a molecule as small as formaldehyde using the aug-ccpVTZ basis set, see Table I͒ .
B. Performance of the 6-31G"d… basis set
For the prediction of molecular geometries and vibrational properties, the Pople split valence double zeta basis set with one set of polarization functions on heavy atoms, 6-31G(d), has become the most often used basis set. Previous experience has shown that it is an economical choice yielding harmonic vibrational frequencies which can be easily scaled for comparison with observed fundamentals 7, 8 and infrared intensities which are qualitatively acceptable, 14, 44 particularly when DFT methods are used. Figure 2 shows the average absolute difference and standard deviation from experiment with the 6-31G(d) basis set for each of the methods considered here. Raman intensities computed with this basis show even less variation with the level of theory than with the large Dunning basis considered above. All the methods perform equally well in predicting Raman intensities with average absolute difference and stan- dard deviation from experiment of ca. 30 and 50 A 4 amu Ϫ1 , respectively ͑roughly twice as large as found with the bigger aug-cc-pVTZ basis set͒. This suggests that the basis set effect on the absolute Raman intensities could be rather large. However, the difference between the DFT and Hartree-Fock results for the 6-31G(d) is somewhat smaller than with the Dunning basis, as shown in Table II , indicating that the effect of electron correlation is less pronounced than with larger basis sets.
C. Performance of Sadlej's medium size specialized basis set
A general trend for predicting molecular properties is that as the size of basis set is increased, the quality of results improves because of greater flexibility in the molecular wave function. For some properties, good results can be obtained with modest sized basis sets, provided the basis functions are developed appropriately. Sadlej has developed a medium sized basis set fit to reproduce molecular polarizabilities. [33] [34] [35] It might be expected that this basis set would also perform well in the prediction of Raman intensities, since they depend on the polarizability derivatives with respect to atomic displacement. Figure 3 shows Raman intensities computed with Sadlej's basis set compared to those obtained with the much larger aug-cc-pVTZ basis set. Excellent agreement is found between Raman intensities predicted with the two basis sets. The Sadlej basis was found to have an average absolute difference and standard deviation of ca. 3 and 5 A 4 amu Ϫ1 from aug-cc-pVTZ, respectively. In comparison with experimental Raman intensities, the performance of the Sadlej basis set is similar to the aug-cc-pVTZ basis, with average absolute difference and standard deviation from experimental values only a little larger than for aug-cc-pVTZ. Since these calculations are ca. ten times faster ͑see Table I͒, the Sadlej basis set provides very substantial savings in computational effort with almost no degradation in the quality of Raman intensities obtained.
D. Basis set dependence for local and hybrid DFT
The quality of basis set needed to predict converged chemical properties is of great interest to researchers seeking to maximize the quality of results and minimize the computational effort. Since polarized split valence basis sets of double zeta quality ͓e.g., 6-31G(d)͔ represent the middle ground in terms of cost and quality in the prediction of molecular properties, it represents a logical starting point to test the basis set dependence by systematically adding additional diffuse and polarization functions.
The average absolute difference and standard deviation of S-VWN Raman intensities compared to S-VWN/Sadlej intensities are shown in Fig. 4 . As additional basis functions are added to the 6-31G basis, the Raman intensities converge towards the Sadlej and aug-cc-pVTZ values. The rate of convergence is slower than that observed for infrared intensities.
14 Addition of heavy atom polarization functions to the 6-31ϩG basis set lowers the average absolute difference ca. 2 A 4 amu Ϫ1 each time. The sensitivity to hydrogen polarization functions is a little less, lowering the average absolute difference ca. 1 A 4 amu Ϫ1 . The addition of a set of diffuse functions on hydrogens has a larger effect, lowering the average absolute difference by ca. 3 A 4 amu Ϫ1 . 51 Even with all the extra polarization and diffuse functions, the S-VWN/6-31ϩϩG(3d f ,3pd) Raman intensities have an average absolute difference and a standard deviation of ca. 7 and 12 A 4 amu
Ϫ1
, respectively, from the Sadlej basis results. Figure 5 shows the basis set dependence of computed Raman intensities for a hybrid density functional method ͑B3-LYP͒. The convergence pattern for B3-LYP is very similar to S-VWN. The addition of heavy atom polarization functions to the 6-31ϩG basis set lowers the average absolute difference by ca. . Since the Sadlej basis is about the same size as the 6-31 ϩG(2d,2p) basis set, but performs as well as the aug-ccpVTZ basis ͑Fig. 3͒ and better than the 6-31ϩ ϩG(3d f ,3pd) basis ͑Figs. 4 and 5͒, it is clearly the best choice of the basis sets considered in the present work for the prediction of Raman intensities.
E. Frequency prediction using hybrid DFT and the Sadlej basis
It is well-known that theoretical harmonic vibrational frequencies are typically larger than the observed fundamentals due to basis set effects, electron correlation, and neglect of anharmonicity. To improve the agreement between computed harmonic frequencies and observed fundamentals, the computed frequencies are usually scaled for comparison. Various scaling strategies exist to help bring computed frequencies into greater agreement with observed wavenumbers. [52] [53] [54] [55] Usually the simplest scaling strategy is adopted, that of homogeneous scaling. Previous work by Scott and Radom 7 , and Wong 8 have shown that DFT consistently predicts vibrational frequencies in better agreement with observed fundamentals than conventional ab initio methods, with hybrid DFT having low mean absolute errors and scaling factors close to unity. Work in our lab has shown that hybrid DFT methods are outstanding performers in predicting infrared intensities.
14 Vibrational frequency prediction using the Sadlej basis set has not yet been addressed in the chemical literature. It is of interest then, to investigate the quality of vibrational frequencies predicted using the Sadlej basis set and hybrid DFT ͑B3-LYP͒. Figure 6 shows the harmonic frequencies computed at the B3-LYP/Sadlej level compared to experimental fundamental frequencies. The agreement is very good and the average difference, average absolute difference, and standard deviation are 57, 64, and 71 cm Ϫ1 , respectively. The small difference between the average absolute difference and average difference suggests homogeneous scaling will be effective in bringing the computed harmonics into even greater coincidence with experimental wavenumbers. Regression analysis for this small data set suggests a preliminary empirical scaling factor of ca. 0.9663. After scaling, the average absolute difference is 36 cm Ϫ1 . Work is in progress to establish scaling factors for the Sadlej basis set using the larger set of molecules employed by Scott and Radom. 
IV. CONCLUSIONS
The results presented here suggest that at levels of theory applicable to larger molecules, electron correlation is less significant than basis set effects in the calculation of Raman intensities. Density functional theory provides numerical intensities comparable to MP2 at significantly less cost. Taking into consideration the results of this study as well as those assessing DFT vibrational frequencies 7, 8 and infrared intensities, 14 DFT offers the most cost effective choice for the prediction of molecular vibrational properties. Raman intensities are quite sensitive to basis set effects and require much larger basis sets than infrared intensities to obtain quantitative results. The Sadlej electric property basis set, although medium sized, predicts Raman intensities similar in accuracy to those obtained with the much larger augcc-pVTZ basis set. Vibrational frequencies obtained using the Sadlej basis set with the B3-LYP functional were found to be in good agreement with experimental fundamentals. Therefore, for the theoretical prediction of Raman spectra, the Sadlej basis set is extremely cost-effective and yields excellent quantitative results. 
